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ABSTRACT: The formation of reactive manganese (Mn)
species is emerging as a key regulator of carbon oxidation
rates, and thus CO, emissions, in soils and sediments. Many
subsurface environments are characterized by steep oxygen
gradients, forming oxic—anoxic interfaces that enable rapid
redox cycling of Mn. Here, we examined the impact of Mn(II)aq
oxidation along oxic—anoxic interfaces on carbon oxidation in
soils using laboratory-based diffusion reactors. A combination of
cyclic voltammetry, X-ray absorption spectroscopy, and X-ray
microprobe imaging revealed a tight coupling between Mn(II),,
oxidation and carbon oxidation at the oxic—anoxic interface.
Specifically, zones of Mn(II)aq oxidation across the oxic—anoxic
transition also exhibited the greatest lignin oxidation potential,
carbon solubilization, and oxidation. Microprobe imaging
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further revealed that the generation of Mn(III)-dominated precipitates coincided with carbon oxidation. Combined, our
findings demonstrate that biotic Mn(H)aq oxidation, specifically the formation of Mn(III) species, contributes to carbon
oxidation along oxic—anoxic interfaces in soils and sediments. Our results suggest that we should regard carbon oxidation not
merely as a function of molecular composition, which insufficiently predicts rates, but in relation to microenvironments favoring

the formation of critically important oxidants such as Mn(III).

B INTRODUCTION

Oxidative degradation pathways of particulate organic carbon
(POC) in soils and sediments determine the proportion of car-
bon (C) that is either stored or emitted to the atmosphere as
CO,." Even a small increase in C oxidation rates may thus cause
adverse feedback to the climate system.” POC is derived from
foliar and root tissue, and its oxidation rate has long been linked
to climatic predictors such as temperature and moisture, but also
chemical properties such as lignin content.” Lignin—an aro-
matic biomacromolecule—often makes up between 20% and
60% of POC because it is concentrated in plant cell walls.*
It encrusts cellulose microfibrils to form protective physical
units that are embedded in a matrix of hemicellulose. Full con-
version of POC into CO, necessitates oxidative mechanisms
that depolymerize these complex biopolymers into smaller,
soluble monomers that can be assimilated by microbes. These
mechanisms rely on the production of oxidants that are potent
and small enough to penetrate intact macromolecular struc-
tures. Understanding of the environmental factors that regulate
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the formation of suitable oxidants is therefore critical for predic-
tions of POC oxidation rates.

Manganese (Mn) appears to be a particularly important driver
of POC oxidation. Numerous studies found strong positive
correlations between Mn abundance and the rate of POC
oxidation in boreal, temperate, and semiarid soils.>™® Among
all other parameters tested, Mn concentration best predicted
POC oxidation rates, leading researchers to conclude that Mn
concentration is the single main factor governing POC degra-
dation.” However, efforts to examine the effect of Mn availability
on POC oxidation have produced ambiguous results," likely
caused by the fact that the experimental conditions did not
allow for active Mn redox cycling. Resolving the mechanism
underlying this apparent “Mn-dependence” of POC oxidation
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requires consideration of redox conditions promoting the
formation of Mn-based oxidants.

Several lines of evidence suggest that Mn(Il),, oxidation,
particularly the formation of ligand-stabilized Mn(III), facil-
itates the degradation of biomacromolecules such as lignin. For
example, oxidation of Mn(II),; to Mn(III) by fungal perox-
idase enzymes coincides with the degradation of lignin model
compounds.'' When stabilized by chelating ligands such as
organic acids, these soluble Mn(III)—ligand complexes are
thought to act as potent oxidants."” Mn(HI)aq is small enough
to penetrate intact macromolecular structures such as POC,
which may offer a great advantage over larger oxidative enzymes'”
or solid Mn(IILIV) oxide surfaces with oxidative potential.'’
Using spectroscopic and microscopic tools, we recently demon-
strated a link between Mn(II)aq oxidation and microbial POC
degradation in soils."* Moreover, it is important to note that
Mn(II)aq oxidation is not limited to fungal peroxidases; it is
also catalyzed by multicopper oxidases (or laccases) produced
by a diverse range of fungi and heterotrophic bacteria.””~"”
In spite of this widespread physiological potential for microbial
Mn(II),, oxidation, the environmental conditions favoring the
formation of Mn(III)-based oxidants in soils remain largely
unknown.

To date, information on the formation of dissolved Mn(III)
in situ is limited to marine environments. Using a novel
spectrophotometric approach to quantifying soluble Mn(III)—
ligand complexes, Madison et al."® detected this transient and
reactive Mn species along redox gradients in aquatic and sedi-
mentary systems for the first time. Most importantly, the
greatest Mn(IIl),, concentrations were found at the oxic—
anoxic boundary, suggesting that soluble Mn(III)—ligand
complexes rely on the presence of oxygen near the interface.
Dissolved Mn(III) concentrations also appear to be partic-
ularly elevated in the presence of strong organic ligands.'”*’
Geochemical modeling further indicated that Mn(III),q
formation is proportional to the diffusive flux of Mn(II) aq gen-
erated in the anoxic zone, toward the oxic—anoxic boundary.
In sum, these observations were taken as evidence that Mn(III) is
primarily formed by oxidative as opposed to reductive pathways.

In soils, Mn(II)aq oxidation at oxic—anoxic interfaces
appears to be biologically mediated. For example, Thompson
et al.”' observed that soil-borne fungi preferentially colonize
the suboxic zone and rapidly oxidize Mn(H)aq to Mn(III/1IV)
oxides. Here fungi appeared to harness Mn(II)aq generated
through Mn(III/IV) reduction in the anoxic zone, while main-
taining access to O, from the oxic zone at the same time. It is
well-known that the spatial architecture of soils and sediments
creates a mosaic of redox gradients,” resulting in sharp oxic—
anoxic transitions even in well-drained upland soils.”® Such
oxic—anoxic interfaces are increasingly recognized as “hot-
spots” for microbial activity”* and C oxidation,” but the
underlying mechanisms are not well understood.’® Here, we
asked if biotic Mn(II),, oxidation at oxic—anoxic interfaces,
and the resulting formation of reactive Mn(I1I) species, would
enhance POC degradation.

The overall objective of this study was to determine the
effect of Mn(II),, oxidation at oxic—anoxic interfaces on POC
degradation. We hypothesized that Mn(II),; and oxygen
gradients would overlap at the oxic—anoxic interface, pro-
moting biotic Mn oxidation that would lead to the solu-
bilization and oxidation of POC. We tested this hypothesis by
incubating POC (leaf litter) in mineral soil packed into a
diffusion reactor system designed to establish stable oxic—anoxic

transitions.”” After 30 days, we recorded fine scale gradients in
dissolved O, and Mn(II),, concentration using cyclic
voltammetry,”® and analyzed changes in bulk Mn and C
chemistry across the interface using wet-chemical extractions
and synchrotron-based X-ray absorption near edge fine struc-
tures (XANES) spectroscopy. Finally, we used a novel, multi-
modal imaging approach, combining soft and hard X-ray micro-
probe analysis of the same samples, to determine if hotspots of
Mn(II)aq oxidation are also sites of enhanced POC oxidation.

B MATERIALS AND METHODS

Soil Samples. To conduct laboratory experiments with
environmentally relevant POC in soil, we collected leaf litter
and mineral soil material at the Harvard Forest Long-term
Ecological Research site near Petersham, Massachusetts
(42.54° N, 72.18° W). Samples were collected at the transition
between the ugland and wetland soils that undergo frequent
redox cycles.”” Soils are sandy loams classified as Typic
Dystrudepts of the Gloucester series. The secondary forest is
dominated by red oak (Quercus rubra), paper birch (Betula
papyrifera M.), red and striped maple (Acer rubrum L., Acer
pennsylvanicum L.), and white ash (Fraxinus americana L.),
which supply the majority of the leaf litter. Leaf litter and A-
horizon mineral soil (0—10 cm) samples were collected and
air-dried. Coarse roots and twigs were removed before samples
were ground and sieved to 2000—590 ym for litter and 590—
53 um for A-horizon soil. The pH of the litter was 3.8 and that
of the mineral soil 4.4. Extractable and total metal concen-
trations of the composite sample used for reactor experiments
are given in Table S-1.

Reactor Experiment. To create a stable oxygen gradient
along which Mn(II)aq oxidation could be studied, a modified
diffusion reactor was used.”” Reactors consist of a polycar-
bonate chamber (10 X 8 X 1 cm) with an open top to allow oxy-
gen diftusion into the surface soil. The reactor has an inlet at the
bottom of the chamber equipped with a tensiometer consisting
of a ceramic cup (Soil Moisture Equipment, Santa Barbara
CA) to regulate water table height.21 To amend soil containing
reducible Mn oxides with fresh litter, equal masses of litter and
A horizon soil were mixed and dry-packed into the reactors.
Reactors were hydrated with deionized water through the inlet,
and the water table was maintained at 1 cm below the soil
surface for the duration of the experiment. Triplicate reactors
were incubated in the dark at 23 °C until the oxic—anoxic
interface showed visible colonization by fungi at 30 days.

Electrochemistry. At the end of the incubation period,
in situ electrochemical profiles of O, (), Mn(II),,, and Fe(II),,
were recorded across the oxic—anoxic transition using solid-
state mercury/gold (Hg/Au) voltammetric microelectrodes.
Hg/Au microelectrodes were constructed as previously
reported”® and used with stationary Ag/AgCl reference and
platinum (Pt) counter electrodes placed 1 mm below the sedi-
ment surface. All measurements were made with a DLK-70
potentiostat (Analytical Instruments Systems, Ringoes, NJ).
O,(,q was quantified by linear sweep voltammetry (LSV),
between —0.1 and —1.9 V at a scan rate of 100 mV/s with a 10 s
deposition at —0.1 V. Mn(II)aCl and Fe(II)aq were measured by
square-wave voltammetry (SWV), between —0.1 and —1.9 V at a
scan rate of 200 mV/s with a 10 s deposition at —0.1 V. For each
reactor, duplicate LSV and SWV voltammograms were
measured at 0.5 mm increments to a depth of 25 mm using
a micromanipulator (Analytical Instrument Systems, Inc.,
Ringoes, NJ). Voltammograms were integrated using the
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VOLTINT software package.’® Electrodes were calibrated with
a MnCl, solution, and Fe(II),, was determined by the pilot ion
method.”**! O,(aq) porewater concentrations were calibrated using
fully saturated and degassed 0.05 M NaCl solutions at 23 °C.

Reactor Sampling. After 30 days of incubation, reactors
were dismantled in a N,/H,(97%:3%) atmosphere anaerobic
chamber (Coy Laboratory Products Inc, Ann Arbor, MI).
On the basis of the electrochemical profiles, the soil column
was divided into aerobic (0—2 mm), transition (2—7 mm), and
anaerobic (7—25 mm) zones and sampled accordingly. Soils
retrieved from the individual zones were dried in the anaerobic
chamber, homogenized, and stored in the dark until further
use. In addition, a 1 X 1 X 4 cm core was taken across the
oxic—anoxic transition, fully hydrated under a vacuum, flash-
frozen in liquid N,, cryosectioned on a cryostat (Leica CM1950,
Leica Biosystems, Nussloch, Germany), and mounted on glass
slides for chemical imaging as described in ref 14. This
approach allowed for the generation of thin sections without
the use of organic resins that would interfere with the charac-
terization of changes in the C chemistry. Thin sections were stored
anaerobically in the dark prior to analysis by X-ray microprobe.

Sequential Dissolution. Changes in the abundance of
solid Mn phases of various crystallinity across the redox trans-
ition were assessed by sequential extraction of solid samples.
Extraction by ultrapure H,O (“water-soluble Mn”) was
followed by acidified hydroxylamine (“easily reducible
Mn,”**) and dithionite-HCI (“total reducible Mn,”**). Briefly,
0.33 g of dried reactor soil was added to 1S mL centrifuge
tubes with 10 mL of ultrapure H,0O (18.3 M-ohm). Extracts
were shaken for 1 h at 120 rpm, followed by centrifugation
(1 h at 4000 RCF) and filtration of the supernatant through
0.22-pum syringe filters. The remaining soil pellet was
resuspended in 10 mL of 0.25 M hydroxylamine hydrochloride
in 0.25 M hydrochloric acid, shaken for 4 h (120 rpm), and
centrifuged (1 h at 4000 RCF). Residues were rinsed with
10 mL of deionized water, and combined extracts were filtered.
The remaining soil pellet was resuspended in 10 mL of 0.05 M
sodium dithionate, shaken for 16 h (120 rpm), centrifuged
(1 h at 4000 RCF), and filtered. The residues were washed
with 0.05 M HCI for 1 h, centrifuged, filtered, and combined
with the dithionite extract. All extracts were acidified with 3%
HNO, and analyzed for Al, Fe, and Mn by ICP-MS (Shimadzu
ICPMS-2030). Organic C concentrations in the H,O extracts
were measured on a total organic carbon analyzer (Shimadzu
TOC-L). All extractions were carried out in duplicate.

Lignin Oxidation Potential. The oxidative potential for
lignin-like compounds in each redox zone was examined using
L-3,4-dihydroxyphenylalanine (L-DOPA) as a probe. Substrate
oxidation was examined in duplicate soil slurries in the pres-
ence and absence of hydrogen peroxide (H,0,) as described in
Bach et al’* and recorded using a microplate spectropho-
tometer (Epoch 3, Biotek Instruments, Winooski, VT).

Mn and C X-ray Absorption near-Edge Spectroscopy
(XANES). To determine average Mn oxidation, solid samples
were analyzed by Mn K-edge XANES at the wiggler beamline
4—3 at the Stanford Synchrotron Radiation Lightsource.
Triplicate samples were homogenized and combined into
one-composite samples (at a 1:1:1 mass ratio) and mounted in
sample holders, sealed with X-ray transparent Kapton tape, and
stored anaerobically prior to analysis. Sgectra were calibrated,
background corrected, and normalized,”® and a linear combi-
nation fitting procedure was used to obtain the relative abundance
of Mn(II), Mn(Ill), and Mn(IV), as well as the Mn average

oxidation state (Mn,gg).”” Changes in C functional group
distribution and oxidation state were determined by C (1s)
K-edge XANES at the SGM beamline at the Canadian Light
Source (CLS).*® Samples were analyzed, normalized, and
deconvoluted as described in ref 27.

X-ray Microprobe Imaging. To determine Mn distribu-
tion and oxidation state across the oxic—anoxic transitions,
a soil thin section taken across the interface was analyzed by
both soft and hard X-ray microprobes. A representative thin
section was first analyzed using the new soft X-ray micro-
probe capability at the SGM beamline. Using the microprobe,
C uXANES were recorded at various locations across the
interface, focusing on regions around the black band of poten-
tial Mn precipitates. The beam was focused to a spot size of
25 pm, and each scan was collected in “sweep” mode over the
course of 1 min. To enhance the signal-to-noise ratio and
minimize beam damage, the beam was moved in 25-um steps
across a 3 X 3 raster, and a total of nine scans were collected.
Each spectrum thus represents the average of nine scans col-
lected across a 75 X 75 pm sized region and was subsequently
processed as described above.

Elemental maps and Mn yXANES spectra of the same thin
section were obtained by subsequent analysis at the hard X-ray
microprobe beamline 5-ID (SRX) of the National Synchrotron
Light Source II at the Brookhaven National Laboratory. X-ray
fluorescence maps were recorded by raster scanning the sample
with the incident X-ray energy at 6000 (for Mn and Ca) and
7000 (for Fe) eV with a spot size of 2 um and a dwell time of
50 ms. The full XRF spectrum at each point (pixel) was
recorded with a silicon drift detector. Several regions of interest
were selected from the XRF maps for Mn K-edge uXANES
analysis. Fluorescence yield was recorded, and the resulting
spectra were calibrated and normalized as described above.

B RESULTS

Electrochemical Profiles. Microelectrode measurements
of soil incubated in our reactors for four weeks confirmed the
presence of pronounced [O,],, and [Mn(I)],, gradients
(Figure 1). While [O,],, was depleted within the first 5 mm
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Figure 1. Electrochemistry profiles of dissolved O,, Mn(Il), and
Fe(II) concentrations across the soil column. Depth is measured rela-
tive to the surface of the soil column in the reactor. Profiles represent
the average of three replicate reactors, with error bars denoting the
standard error of the mean. “Oxic,” “transition,” and “anoxic” zones
were sampled for solid phase analysis. The position of the stationary
water table is indicated by the dotted line.

below the soil surface, [Mn(II)]aq began to continuously rise at
around 2 mm depth, and [Fe(Il),,] was present only at depths
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Figure 2. Changes in Mn chemistry across the oxic—anoxic interface
as determined by (a) selective dissolution using water, hydroxylamine,
and dithionite-HCI and (b) Mn K-edge X-ray absorption near-edge
spectroscopy (XANES) spectra of bulk samples from each zone.
For comparison, extractable Al and Fe concentrations are shown in
Figure S-2. Both hydroxylamine (*p < 0.05) and total extractable Mn
(**p < 0.01) are significantly more abundant in the transition zone
(one-way ANOVA, Tukey’s HSD).

greater than 6 mm (Figure 1). The observed gradients are
generally consistent with the notion that Mn and Fe oxidation
and reduction occur in distinct redox zones, with Mn oxidation/
reduction occurring closer to the oxic zone than Fe oxidation/
reduction.”” These results also suggested that there is a narrow
transition zone at depths between 2 and 6 mm in which both
O,(aq) and Mn(II),q are present. On the basis of these data, we

assumed that this transition zone would exhibit the greatest
potential for Mn(II) oxidation on POC degradation, with
limited effects from Fe(II) -mediated oxidation reactions.”®*’
To quantify Mn(Il),q oxidation and its impact on POC
oxidation within that transition zone, we sampled from this
depth (2—6 mm), as well as depths corresponding to aerobic
(0—2 mm) and anaerobic zones (6—20 mm; Figure 1).

Mn Chemistry Across the Oxic—Anoxic Interface.
Wet-chemical extractions as well as Mn XANES showed that
oxidized Mn phases accumulated in the transition zone during
the incubation (Figure 2). The transition zone showed significantly
greater amounts of total reducible (dithionite-extractable) Mn
compared to both oxic and anoxic zones (Tukey’s HSD, p <
0.01), an increase that was largely driven by significant
increases in the easily reducible (hydroxylamine-extractable)
Mn pool (Tukey’s HSD, p < 0.05; Figure 2a). Although
extractable Fe and Al concentrations were generally higher
than those of Mn, we found no significant accumulation of
total extractable Fe and Al in the transition zone relative to the
other zones (Figure S-2). Corresponding bulk Mn XANES of
each zone showed a shift of the edge position toward higher
energles (Figure 2b) indicative of a higher Mn oxidation
state.”> A higher average Mn oxidation state (Mn,eg) in the
transition zone was corroborated using linear combination
fitting (LCF),"** which showed that Mn,qg increased from
~2.3 in both aerobic and anaerobic zones to ~2.6 in the tran-
sition zone (Table 1). LCF results indicated that this increase
in Mn, g is driven by a ~50% increase in the relative abundance
of Mn(III) and M(IV) (Table 1), with Mn(III) and Mn(IV)
maintaining approximately a 2:1 ratio. Although identifying the
underlying Mn(1I),q oxidation pathways was beyond the scope
of this paper, visual inspection of the transition zone showed
dense growth of fungal hyphae associated with dark clusters of
black precipitates resembling Mn(IILIV) oxides (Figure S-2).
Taken together, chemical extraction and XANES results sug-
gest that dissolved Mn(II),, produced by reductive processes
in the anaerobic zone and supplied via diffusion (Figure 1) is
potentially subjected to microbially mediated oxidation at the
oxic—anoxic interface, resulting in the accumulation of Mn
oxide phases dominated by Mn(I1I).

C Chemistry Across the Oxic—Anoxic Interface.
Enhanced Mn(II)aCI oxidation in the transition zone coincided

Table 1. Fitting Results for Mn and C XANES Collected by Bulk X-ray Absorption Spectroscopy and X-ray Microprobe

Mn K-edge XANES
location Mn(II) Mn(III) Mn(IV)  Mnyos”

rel. abundance (%)

C K-edge XANES

aromatic

phenolic aliphatic carbonyl Cox”

rel. abundance (%)

carboxylic  alkyl

(a) bulk X-ray Absorption Spectroscopy

oxic 77 16 8 2.31 15 11 11 30 20 13 2.0

transition 58 28 14 2.57 13 11 10 32 20 14 2.4

anoxic 79 14 7 2.28 15 11 11 31 19 13 2.0
(b) X-ray microprobe

transition zone (+Mn)” 71 27 2 231 18 8 16 28 24 6 1.6

transition zone (-Mn)‘ 87 10 3 2.16 20 9 16 2S5 23 6 1.3

oxic + anoxic zone” 88 8 4 2.15 21 8 17 26 22 6 1.2

“Mnyos = Mn average oxidation state; C,, = absorbance of carboxylic C (288.3 eV) divided by absorbance of aromatic C (285 eV) bAverage fit
results for Mn p-XANES collected at locations 1—3 within the transition zone characterized by black precipitates (Figure 4b). C u-XANES were
collected from two locations with black precipitates along the transition (locations 1 and 2 in Figure 4a). “Averaged fit results for Mn
U-XANES collected at locations 4—6 within the transition zone showing no black precipitates (Flgure 4b). C u-XANES were collected from two
locations without black precipitates along the transition zone (locations 3 and 4 in Figure 4a). Averaged fit results for Mn p-XANES collected at
locations 7—9 within oxic and anoxic zones with no signs of Mn precipitation (Figure 4b). C u-XANES were collected from locations in the oxic

and anoxic zone (locations S and 6 in Figure 4a).
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with greater POC solubilization and oxidation (Figure 3).
Oxidation rates for the lignin model compound L-DOPA in
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Figure 3. Carbon oxidation across the interface. Changes in (a) oxi-
dative potential for lignin analogue L-3,4-dihydroxyphenylalanine
(L-DOPA), (b) the amount of water extractable organic C, and

(c) chemical composition of solid-phase C as determined by C K-edge
X-ray absorption near-edge spectroscopy (XANES) across the interface.

the transition zone were significantly greater than in aerobic
and anaerobic zones both in the presence and absence of H,O,
(Figure 3a). Correspondingly, the amount of water extractable
C was significantly greater within the transition zone, suggest-
ing that the elevated lignin oxidation potential in the transition
zone resulted in POC depolymerization and production of
soluble compounds. C XANES further showed that this increase
in soluble organic compounds in the transition zone was
accompanied by a decline in the absorbance of aromatic C and
an increase in the absorbance of carboxylic C relative to the
other zones (Figure 3c and Table 1). Consequently, the ratio
of C-OOH/C-ar, used as a proxy for C oxidation state (C,,),
increased from ~2 in both anaerobic and aerobic zones, to
~2.4 in the transition zone (Table 1). While these changes are
relatively modest possibly due to the short incubation time
(30 days), our findings suggest that the formation and

accumulation of reactive Mn(IILIV) species in the transition
zone caused POC degradation that led to more depolymerized
and/or oxidized products. To further corroborate the coupling
of Mn and C cycles across the interface, we applied a
multimodal imaging approach to visualize the co-occurrence of
Mn(III) formation with POC oxidation on the micron-scale.

Micron-Scale Analysis of Colocalized Mn and
C Oxidation. Combining hard and soft X-ray microprobe
imaging to visualize both Mn and C chemistry across the oxic—
anoxic interface revealed that Mn(III) phases and oxidized
POC are colocalized (Figure 4 and $5). Microscopic examina-
tion of thin sections across all three redox zones revealed a
dark narrow band of black precipitates within the transition
zone (Figure 4a). Elemental maps collected of a representative
thin section by XRF show consistently elevated Mn concen-
trations within the dark band (Figure 4b). Comparison of Mn,
Fe, and Ca intensities across the transects interface to an
untreated control show notably greater enrichment for Mn
than for Fe and Ca (Figure S-3).

Mn puXANES were collected across the band of Mn enrich-
ments from regions with higher (+Mn, spots 1—3) and lower
Mn concentrations (—Mn, spots 4—6), as well as regions in
both the oxic and anoxic zones (spots 7—9; Figure 4b). The
resulting spectra (Figure S) of the dark precipitates (+Mn,
spots 1—3) showed stronger absorption at higher energies than
spectra collected from adjacent locations with less Mn (—Mn,
spots 4—6) or locations in oxic and anoxic regions. LCFs of the
Mn XANES further show that that between 14 and 29% of the
Mn within dark, Mn rich regions (+ Mn, spots 1—3) can be
attributed to Mn(III) (Table 1). LCFs of Mn uXANES from
locations without noticeable Mn accumulation (—Mn), as well
as those collected from aerobic and anaerobic zones, did not
show any evidence of oxidized Mn (Table 1).

Corresponding C uXANES spectra, collected from locations
identified in Figure 4a, show that Mn-rich locations (+Mn)
have a lower abundance of aromatic C and a higher abundance
of carboxylic C/amide C than less Mn-rich regions in the tran-
sition zones (—Mn) or the oxic/anoxic regions (Figure S-4).
Consequently, the ratio of carboxyl C/aromatic C, again used
as a proxy for degree of C oxidation state (C,,), of the C asso-
ciated with Mn-rich hotspots (~1.6) was greater than in
regions without Mn accumulation in transition, anaerobic, and
aerobic zones (~1.2; Table 1). Combined, both soft and hard
X-ray microprobe imaging and #XANES suggest that Mn(1I),,
oxidation in the transition zone created a narrow band of
Mn(III)-rich precipitates, the formation of which facilitated the
oxidation of POC.

B DISCUSSION

Along a soil redox gradient, oxidative degradation of POC was
greater within the transition zone than in either oxic or anoxic
zones (Figure 3 and Table 1). This result is surprising given
that one might expect the greatest oxidative potential for POC
degradation in the oxic zone, rather than the transition zone
where O, supply is limited. However, it is consistent with recent
observations of elevated microbial activity and C oxidation at
oxic—anoxic interfaces,*¥* suggesting that factors other than
O, availability may also regulate oxidative decay rates. Our
results showed that enhanced POC degradation at the oxic—
anoxic transition coincided with Mn(Il),, oxidation and the
associated formation of Mn(III) species. Dissolved Mn(II),
provided by reductive dissolution in the anaerobic zone, was
delivered to the interface via diffusion along a concentration
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Figure 4. Micron-scale Mn distribution across oxic—anoxic interfaces. (a) Light microscope image of thin section across the oxic—anoxic interface.
Note the band of black precipitates along the transition zones. Red and blue boxes denote regions used for XRF mapping of Mn distribution.
Yellow squares denote regions used to collect C #XANES. Squares 1 and 2 mark locations with black precipitates along the transition, squares
3 and 4 mark locations along the transition without black precipitates, and squares S and 6 mark locations in oxic and anoxic zones. (b) Mn maps
across the interface for the two regions of interest (red and blue) identified in a. White circles denote locations for which Mn yXANES were
collected. Locations with high (+Mn, circles 1-3) and low Mn (—Mn, circles 4—6) concentrations were targeted along the transition zone.
uM XANES were also collected of locations outside of the transition zone (control, circles 7—9).

gradient (Figure 1), where it reacted with O, from the aerobic
zone. Mn(II)aq oxidation at the oxic—anoxic transition caused
the accumulation of dark, reducible Mn precipitates dominated
by Mn(III) phases (Figure 2, Figure S, Table 1, Figure S-3).
The formation of Mn(III) phases coincided with greater oxida-
tion of lignin analogues (Figure 3a), as well as the solubiliza-
tion and oxidation of POC within the transition zone (Figure 3b,
Figure S). The fact that both bulk measurements and micron-
scale imaging show consistent patterns strongly suggests a causal
link between POC degradation, Mn(H)aq oxidation, and Mn(III)
generation at oxic—anoxic interfaces in subsurface environments.

Drivers of Mn(ll) Oxidation at the Oxic—Anoxic
Interface. Our measurements showed that overlapping gradi-
ents of dissolved O, and Mn(II)aq created a narrow zone in
which Mn(II)aCl oxidation occurred (Figure 1). This result is
consistent with observations of fungal Mn(II)aq oxidation at
the oxic—anoxic transitions, which resulted in the generation of
Mn(IILIV) phases at the interface.”’ While this experiment
was not designed to isolate Mn oxidation pathways, we observed
heavy fungal growth within the transition zone (Figure S-2).
Ascomycetes and Basidiomycetes, which are both fungal groups
known to contain members with Mn-oxidizing potential,">"”
are abundant in soils used for this study.”® Abiotic Mn(II)aq
oxidation by O, in the presence of suitable ligands, found to
only occur at pH values greater than 7,*' represents an unlikely
pathway given our low soil pH of 4.1 in this study. An alter-
native abiotic pathway is Mn(II)aq oxidation through reactive

oxygen species,"” which may be created along the interface as
a consequence of Fe(Il)-driven Fenton reactions.*> While
we cannot exclude this possibility, the fact that no significant
amounts of Fe(II),, were found in the transition zone (Figure 1)
suggest that it constitutes a minor pathway. Consequently, we
conclude that the accumulation of oxidized Mn species along
the oxic—anoxic interface is most likely the result of biotic
Mn(H)aq oxidation. Resolving whether Mn(H)aq oxidation in
soils is indeed driven by fungi or perhaps by Mn-oxidizing
bacteria, and if biotic Mn(1I),, oxidation is mediated directly by
enzymes12 or indirectly through reactive intermediates,'” warrants
further research.

The Formation of Reactive Mn Species at Oxic—
Anoxic Interfaces. Mn(II),, oxidation at the oxic—anoxic
interface resulted in the accumulation of dark, Mn(III)-
dominated precipitates (Figure 2, Figure 4b). Thompson et al.*'
found similar Mn precipitates along oxic—anoxic transitions,
which were found to consist of mixed-valence Mn(IILIV)
oxides. In our system, LCFs of Mn XANES suggest that the
accumulation of Mn(IV) is limited. The lack of Mn(IV)
indicates that Mn(III) species formed upon Mn(II),q oxidation
were stabilized by suitable ligands. The POC and its degra-
dation products in our system likely provided a sufficient
amount of carboxylated and noncarboxylated ligands*' capable
of complexing and stabilizing Mn(III) upon formation, thus
preventing the formation of Mn(IV). It is also possible that any
Mn(IV) formed was promptly rereduced to Mn(III) and Mn(II)
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Figure 5. Mn ;-XANES spectra collected across the interface. Spectra
were collected at Mn-rich (+Mn) and Mn-depleted (—Mn) locations
within the transition zone, as well as locations in the oxic and anoxic
zone (controls). Exact locations are identified by white circles in
Figure 4b. Corresponding C XANES spectra are shown in Figure S-3.

by organic reducing agents in this C-rich environment.”* We had
previously found similarly Mn(III)-rich precipitates to accu-
mulate during fungal degradation of POC in a forest soil,"*
which we attributed to the enzymatic formation of Mn(III)—
ligand complexes during oxidative degradation. Although we
were not able to quantify dissolved Mn(III)—ligand complexes
directly in the present study due to the high organic C back-
ground in the pore water, the predominance of Mn(III) is con-
sistent with the formation of dissolved Mn(III) species at
oxic—anoxic interfaces as reported by Madison et al."® Further
research should investigate the exact nature and reactivity of
Mn(III) phases formed at these interfaces and the conditions
that favor their formation.

Mn(lll) Formation along the Interface Drives POC
Degradation. Enhanced solubilization of organic compounds
at the interface (Figure 3b) is in good agreement with the
depolymerization of insoluble macromolecules to soluble
products as mediated by Mn(IlI)~ligand complexes'” or
Mn(III/IV) oxide."> Elevated oxidation potential of lignin
analogues (Figure 3a) and the observed decrease in aromatic C
(Figure 3c and Table 1) is consistent with increased degra-
dation of lignin in association with Mn(II)aCl oxidation.'* The
observed increase in carboxyl C (Figure 3¢, Table 1) suggests
oxidation of aromatic side groups often observed during lignin
decomposition, such as the oxidation of phenyl-aldehydes to
carboxylic groups.'” Oxidation of aromatic rings may generate
unstable free radicals and lead to spontaneous ring cleavage,'”
which could be responsible for the decrease in aromaticity.

Because depolymerization, solubilization, and oxidation are rate-
limiting steps in the microbial degradation of POC to CO,,"
these Mn-mediated reactions in association with increased fungal
growth at the interface are likely to increase overall oxidation
rates and thus CO, emissions from soils.

The Significance of Mn in POC Oxidation at Oxic—
Anoxic Interface. Although our results suggest the existence
of a zone in which Mn(II),, oxidation is spatially separate from
that of Fe(II)aq oxidation, we cannot entirely exclude the role
of Fe(II)aq-mediated POC oxidation®®* in our system. It is pos-
sible that Fenton reactions produced reactive oxygen species at
the base of the oxic zone, and that such species could have
diffused upward into the transition zone to participate in
enhanced POC oxidation. However, this transition zone
showed greater accumulation of Mn than Fe oxide precipitates
(Figure S-3), suggesting that the rate of Mn(H)aq oxidation was
significantly larger than that of Fe(II)aq oxidation. Fe(II)aq
supply toward the interface, and resulting Fe(III) oxide
accumulation, may have been limited due to the short
incubation time. Thermodynamics favor anaerobic microbial
respiration of Mn(IILIV) oxides over that of Fe(IIl) oxides,
and so reductive dissolution in the anaerobic zone may have
supplied more Mn(II)aq than Fe(II)aq to the transition zone
over the short experimental period. This scenario is analogous
to forest soil surface layers that may experience oxygen
gradients steep enough to result in Mn redox cycling,”’ but
redox potentials may not be low enough or sufficiently stable
to support Fe redox cycling. Further, organic surface layers in
forest soils with high POC content are frequently enriched in
Mn relative to Fe.”® Under these environmental conditions,
Mn(1I) oxidation along oxic—anoxic transition may be a cen-
tral control on POC oxidation. Conversely, in soils and sedi-
ments with higher Fe concentrations along with steeper and
more stable redox gradients, Fe(II)-mediated POC oxidation
may become more important.”*** This potential dichotomy
between soil and sediment systems in which POC oxidation at
oxic—anoxic interfaces is mediated by Mn and those in which
Fe is dominant opens up interesting opportunities for future
research.

Environmental Implications. Oxic—anoxic interfaces are
ubiquitous in soil and sediment environments and are
increasingly recognized as hotspots of C oxidation, but the
role of Mn redox cycling in facilitating C oxidation has not
been explored. This model-system study shows that enhanced
C oxidation at oxic—anoxic interfaces is, at least in part, due to
Mn(II)aq oxidation and the formation of Mn(III)-dominated
precipitates. Depolymerization and oxidation of aromatic C
was greatest at the oxic—anoxic interface and corresponded
with biotic Mn(II),, oxidation, creating a narrow band in
which reactive Mn%III) phases were formed. Microscale
imaging confirmed that hotspots of Mn(III) formation at the
interface coincided with the presence of oxidized POC. Our
combination of macro- and microscale analyses suggest that
biotic Mn(II),, oxidation at oxic—anoxic interfaces, fueled by
readily available oxygen and Mn(1I),q, are a key driver of POC
oxidation. These results indicate that POC oxidation is not
merely a function of molecular composition or nutrient avail-
ability,” which insufficiently predicts rates,”’ but is dependent
on microenvironments favoring the formation of critically
important oxidants such as Mn(II). The importance of
Mn(III)-mediated POC oxidation may have broad implica-
tions for C storage and the fate of natural and xenobiotic com-
pounds in other environments with ubiquitous oxic—anoxic
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boundaries, such as wetlands, sediments, peatlands, and
groundwater aquifers.
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